ABSTRACT
INTRODUCTION
In yeast mitochondria, tRNAs corresponding to the twenty amino acids are coded for by the mitochondrial genome (1, 2, 3) . While mitochondria are dependent on the nucleo-cytoplasmic system for numerous functions, mitochondrial protein synthesis seems to be autonomous with respect to the mitochondrial tRNAs used (4). The development of RNA sequencing techniques requiring only small quantities of tRNA have made feasible the determination of a number of Neurospora crassa (5,6) and yeast (7, 8) mitochondrial tRNA sequences. In addition, a certain number of yeast mitochondrial tRNA genes have been sequenced (9, 10, 11) . These tRNAs show some unusual features absent in known procaryotic and eucaryotic tRNAs. Furthermore, recent studies on yeast (11, 12, 13) and human (14) mitochondrial DNA show altered coding properties for mitochondrial tRNAs, suggesting the use of a different genetic code in these organelles.
In view of the peculiarities of known mitochondrial tRNAs their sequences merit further study. The sequence of the mitochondrial initiator tRNA^e t is of particular interest since it has a specialized function. While nucleotide sequences of initiator tRNAs from a variety of organisms have been determined (quoted in ref. 15), only one from mitochondria has been published so far (5). Initiation of mitochondrial protein synthesis has been compared to that in procaryotes since formylated initiator tRNA is used (for a review see Buetow and Wood ; ref. 16) . While no direct relationship has been established between the role of initiator tRNAs in the initiation mechanism and their structure, comparison of known sequences show structural features which distinguish procaryotic and eucaryotic initiator tRNAs. Procaryotic initiator tRNAs lack a Watson-Crick base pair at the end of the acceptor stem and do not have the standard pyrimidine : purine (Y11:R24) base-pair in the D-stem. In eucaryotic initiator tRNAs, the acceptor stem and D-stem follow the conventional cloverleaf, but in loop IV the distinctive A-IJJ-C-G instead of the classical T-IJJ-C-G(A) sequence is found. The aim of our studies was to determine whether yeast mitochondrial tRNA^e contains features of the procaryotic or eucaryotic type and to compare its overall sequence with that of other initiator tRNAs. In addition, since the only other known mitochondrial initiator tRNA, that of ti.araaaa (5) is distinctive with respect to both procaryotic and eucaryotic initiators, it was of interest to see whether mitochondrial initiator tRNAs possess unique features which distinguish themselves as a class.
MATERIALS AND METHODS

Preparation of mt tRNA^e t
The preparation of mt tRNAs from purified yeast mitochondria has been described elsewhere (1, 7) . Bulk mt tRNA (20 mg) was applied to a 0.9 x 180 cm RPC-5 column (17) and the material was eluted with a 2 1 gradient from 0.35 to 0.70 M NaCl in 10 mM sodium acetate buffer (pH 4.5), 10 mM MgCl 2 -Sepharose 4B column fractionation using a reverse salt gradient (18) was as described in Fig. 1A . Two-dimensional polyacrylamide gel electrophoresis of mt tRNA using the system of Fradin et al. (19) has been previously described (1) .
Aminoacylation and formylation
Crude enzyme extracts from yeast mitochondria (20) and from E.coli MRE600 were used as sources of both methionyl-tRNA synthetase and formyltransferase. Formylation was done in acylation media (20) (22) were used for complete RNAase T. and RNAase A digestions and fingerprinting of uniformly labeled mt tRNA, e . Nucleotide compositions and molar ratios were deter-12 mined as described (7). Techniques used for 5'-P-post labeling and for sequencing end-labeled oligonucleotides were those reported previously (7, 23) .
Preparation of 5'-32 P-end labeled mt tRNA Met ; Dephosphorylation of 1-3 yg tRNA was done using calf intestine alkaline phosphatase (Boehringer/Mannheim) at 2 x 10 U/pg tRNA in 10 yl 25 mM Tris-HCl pH 8 for 30 min at 50°C. After inactivation of the phosphatase, the 5' terminus was labeled as described (23) using T4 polynucleotide kinase (donated by Dr. G. Keith) and Y32p -ATP (3000 Ci/mmole). The labeled tRNA was purified by electrophoresis on a 15% polyacrylamide gel. The 5'-end labeled tRNA and fragments were then eluted in the presence of 4 0 yg tRNA carrier as described (7). Partial hydrolyses of 5'-32 P-labeled mt tRNA^e t : Partial hydrolyses with RNAases U 2 , T^ (Sankyo) and RNAase A (Worthington) were done at 55°C for 15 min in buffer I (20 mM sodium citrate pH 5, 1 mM EDTA, 7 M urea, 0.025% xylene cyanol, bromophenol blue) (24). Two different digestion conditions were used for each enzyme and the hydrolysates mixed before loading onto the sequencing gel. Enzyme/RNA ratios used are indicated in Fig. 2 . RNAase Phy I, donated by Dr. J.P. Bargetzi, was used in buffer II (10 mM sodium acetate pH 5, 10 raM EDTA). Two incubations at 55°C, one for 5 min, one for 20 min were mixed. Unspecific partial hydrolysis or "ladder" was obtained by incubating 5 yg RNA in 10 yl bidistilled water at 100°C for 10 min and 20 min. Samples were loaded onto thin (0.5 mm) polyacrylamide sequencing gels. Two dimensional polyacrylamide gel separation of the "ladder" hydrolysate was done according to De Wachter and Fiers (25) except that 0.5 mm thin slab gels were used and urea was omitted from the electrophoresis buffer.
Analysis of modified nucleotides : Modified nucleotides of mt tRNA" et were identified using 32 P-in vivo labeled mt tRNA, as described for mt tRNA Phe (7). In addition, the technique of Stanley and Vassilenko (26) was used with the following modifications : (i) partial hydrolysis of tRNA (2-5 yg) was done in hot bidistilled water (2-4 min at 80°C), (ii) after 5'-32 P-labeling the fragments were separated on a 15% thin polyacrylamide gel, (iii) after recovery, each fragment was completely digested with P. nuclease and the 5'-terminal nucleotide was identified by thin layer chromatography.
RESULTS
Purification of the two mitochondrial methionine isoacceptors and characterization of mitochondrlal initiator tRNA Yeast mt DNA codes for two heterogenic tRNAs e , one of which is responsable for initiation of mt protein synthesis (1, 2, 27) . Preparative column fractionation of total mt tRNA in the RPC-5 system showed poor resolution of the mt methionine tRNAs. As shown in Fig. 1A , rechromatography on a Sepharose-4B column improved the resolution of the two methionine isoacceptors. Formylation tests using mitochondrial or E.coli enzyme extracts were done to identify the formylatable Met-tRNA species. Despite a somewhat low transformylase activity of the mt enzyme, the results shown in Table I indicate that mt tRNA_ corresponds to the initiator tRNA and tRNA^e t to the elongating species. It is striking to note that the extent of formylation of mt tRNA f e using the E.coli enzyme is very low indicating that the bacterial enzyme recognizes only poorly the yeast mt initiator tRNA. was determined by analysis of uniformly P-labeled mt tRNA\j e .
The resulting compositions, including modified nucleotides and molar ratios are consistent with the results shown in Table II . The fingerprint of P-5'-end labeled RNAase T oligonucleotides 32 was comparable to that of in vvvo P-labeled RNAase T. digest.
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The oligonucleotides sequences, determined by analysis using P. nuclease, are shown in Table II . Localization of the modified nucleotides in these sequences is described below.
Sequencing gels 32 To align the RNAase T 1 products, intact P-5'-end labeled mt tRNAas well as labeled fragments were partially digested as described in ref. 5. Ample overlaps and confirmation of the final sequence were obtained by different migrations of partially hybrolyzed 5'-end labeled tRNA as well as from gel sequence analysis of fragments. Knowledge of the sequences of the RNAase T-| oligonucleotides is necessary for correct interpretation of the sequencing gels since modified nucleotides cannot be read and it is not always possible to differentiate unambiguously between C and U. Two dimensional polyacrylamide gel electrophoresis of a "ladder" hybrolysate was used to identify pyrimidine residues by the jumps produced (Fig. 2) . Localization of modified nucleosldes Analysis of uniformly labeled RNAase T^ products showed D to be present in oligonucleotides t5 and t9, T was found in t8, i j ; in t4 and t8 and m G in tlO. In the case of t8 and t9, routine analysis of the 5' termini of post-labeled oligonucleotides gave D and rT respectively. For t5, since A-A-Dp is found in the total RNAase A digest, the sequence deduced for t5 is U-A-A-D-U-G.
In addition, application of the technique described by Stanley and Vassilenko (26) confirmed residues 2 to 65, showing D16, D20, m 1 G37, T54, and ^55. However, this technique could not be used to determine residues 71 to 76. The sequence of the RNAase T, oligonucleotide t4 corresponding to this region is C-U-A-C-C-A (see Table II ). However, analysis of in vivo Plabeled oligonucleotide gave 0.95 Ap, 2.75 Cp, 0.65 Up, 0.55 tfip suggesting incomplete modification of U72 to ty. From an evolutionary point of view, yeast mt initiator tRNA does not seem any more closely related to procaryotic than to eucaryotic initiator tRNAs since it shows only 43-55% sequence homology with procaryotic initiator tRNAs and 4 7-54% with eucaryotic ones. As is observed in iV.crasea(5) the extent of homology (47%) is particularly low between yeast mt initiator tRNA and its cytoplasmic counterpart. Little similarity is observed with bean chloroplast initiator tRNA (28) whose sequence is close to that of E.coli (75% homology). Yeast mt tRNA^e t shows the highest homology (67%) with initiator tRNA from N.crassa mitochondria. Although both yeast and N.o-raesa are closely related on the evolutionary scale, less sequence conservation is observed between the two mitochondrial initiator tRNAs than within the procaryotic initiator family (84-97%) or among eucaryotic ones (73-100%). From Fig. 3 , it can be seen while the two mt initiators show high homology in their D-, anticodon-and "T-tyC"-arms, the acceptor-arms are quite different. H.ovaeea mt initiator tRNA has two more G:C pairs than yeast mt tRNA^ and is more like E.coli tRNA^e t in this region.
One of the similarities of mt protein synthesis with that of procaryotes is the use of formyl Met tRNA f et in initiation (for a review, see ref. 16). Yeast mitochondria contain an endogeneous formyl transferase as well. Formylation has been shown to have a role in initiation factor recognition (29) and stability to peptidyl-tRNA hydrolase activity in E.coli (30) . The yeast mt formyl transferase seems to differ from the E.coli enzyme since it formylates mt tRNA^e while the E.coli enzyme does not. The lack of formylation by E.coli formyl transferase is rather unusual since most initiator tRNAs, with the exception of higher plants (31, 32) and N.craesa cytoplasm (33) , are recognized by this enzyme, even if they are not formylated in vivo. While it is clear that the structural elements responsible for formylation or other interactions cannot be deduced from sequence comparisons alone, the difference pointed out above between the acceptor arm structures of yeast and fl.cra.8ea mt initiator tRNAs may be involved in the difference in fonnyl transferase recognition.
From the point of view of tertiary structure of initiator tRNAs, crystallographic results show that, in E.coli tRNA Met (N. Woo and A. Rich, personal communication), the anticodon loop conformation is different from that of yeast cytoplasmic tRNA (34) . in addition, Wrede et al. have shown that the accessibility of several initiator tRNAs to S^ nuclease differs from that of elongator tRNAs (35) . It has been suggested by these authors that the three G:C pairs next to the anticodon loop in all procaryotic and eucaryotic initiator tRNAs may contribute to their distinctive anticodon conformation. An interesting feature of both mt initiator tRNAs, as well as bean chloroplast initiator tRNA is that they contain only two G:C pairs next to the anticodon loop. It would therefore be important to determine whether there is a correlation between this unique feature of organellar initiator tRNAs and their anticodon loop conformation.
